Objective: The anterior cruciate ligament transection (ACLT) rabbit osteoarthritis (OA) 24 model confers permanent knee instability and induces joint degeneration. The degeneration 25 process is complex, but includes chondrocyte apoptosis and OA-like loss of cartilage 26 integrity. Previously, we reported that activation of a volume-sensitive Cl − current (ICl,vol) can 27 mediate cell shrinkage and apoptosis in rabbit articular chondrocytes. Our objective was 28 therefore to investigate whether ICl,vol was activated in the early stages of the rabbit ACLT OA 29
apoptosis 48 49
Introduction: 50
Chondrocyte apoptosis is an important contributor to the development and growth of healthy 51 articular cartilage 1 . In the process of normal bone growth and endochondral ossification, 52
terminally differentiated chondrocytes are removed from the calcified cartilage by apoptosis 53 prior to the transition to bone 1 . There is also evidence that an increased incidence of 54 chondrocyte apoptosis during aging is responsible for the hypocellularity associated with 55 degradation and/or pathological remodeling of the cartilage matrix, and exacerbates the risk 56 of degenerative joint diseases such as osteoarthritis (OA) 1 . Study of this in biopsies from OA 57 patients can suffer from the limitation that OA is typically presented at an advanced stage. To 58 address this issue, this study used a knee instability anterior cruciate ligament tear rabbit 59 model (ACLT) which induces OA-like degradative changes in the joint 2, 3 and investigated 60 changes in chondrocyte physiology taking place prior to apparent macroscopic changes of the 61 10 152
Cell-volume control assay: 153
To analyze whether changes in cellular phenotype had developed in chondrocytes from the 154 macroscopically normal cartilage, we began by assessing chondrocyte cell-volume properties. 155
We measured relative cell-volume response from isolated sham (control), ACLT 2wk and 156 ACLT 4wk rabbit cartilage isolated chondrocytes, using our cell-swell assay. Cells were 157 incubated in 360mOsm solution and then exposed to a (180mOsm) hypo-osmotic external 158
solution. The degree of hypo-osmotic cell swelling was evaluated by measuring the cross-159 sectional area of cell images. As shown in Figure 2 , exposure of a chondrocyte to hypo-160 osmotic solution led to a rapid increase in relative cell size (approx. 6% swell, Figure 2 ) 161 compared to that in control cells. Figure 2 also shows the time-course of cell swell under 162 these conditions. Chondrocytes from ACLT 2wk and 4wk rabbit cartilage tissue showed a 163 more rapid increase in cell size than controls, both reaching a highly significantly greater 164 relative volume at 5min post hypotonic challenge (approx. 8% and 11% swell respectively, 165 Figure 2 ). These changes could result from a reduced capacity of chondrocytes to regulate 166 their cellular-volume at a very early stage of OA progression. 167
168

ACLT induced caspase 3/7 activity: 169
Changes in cellular volume regulation are frequently linked to progression of apoptosis. To 170 investigate this we used an apoptosis assay. We used a caspase-3/7 activity assay since it has 171 been previously demonstrated that this is a major step in apoptotic cell death 18 . 172
As a positive control, we used TNFα treatment (24hrs 10ng/ml). We also investigated if this 173 process could be prevented by an inhibitor of the swelling/volume sensitive chloride channel 174 blocker DCPIB. TNFα induced a significant increase in caspase-3/7 activity and this was 175 abolished by DCPIB. DCPIB alone had no effect on population incidence of apoptosis. We 176 also determined incidence of apoptosis in ACLT cartilage and the controls. We found 177 caspase-3/7 activity to be significantly elevated in both 2wk and 4wk ACLT OA models 178 (Figure 3) 20 . Figure 4A In this study we used a rabbit joint destabilization model of early arthritis. We investigated 230 samples prior to the development of macroscopic cartilage changes, but found that caspase-231 3/7 activity (apoptosis), cell-volume regulation and the chloride conductance ICl.vol were all 232 significantly altered in ACLT treatment joints compared to sham controls. 233
234
The diagnosis of OA is mainly based on physical examination and radiograph (Kellgren-235
Lawrence grading (K-L Grading)) supported by laboratory tests such as C-reactive protein 236 is therefore usually advanced by the time the diagnosis and our research focus has shifted to 243 understand the earliest physiological changes in cartilage or chondrocytes. 244
Histological Analysis of control and post ACLT samples 245
Our histological data convincingly show no significant difference in indicators of 246 degeneration between any of the three groups using the Mankin score system 14 or OARSI 247 histopathology score 15 . These histological results are consistent with previous reports. For 248 whilst a previous study did observe degenerative changes 4 weeks post ACLT, they were 249 much less marked than longer term studies and there was no evidence of full-thickness 250 ulceration. In addition, those changes that were observed were quite variable between 251 samples 3 . Therefore, it appears that 4-week post-ACLT is, in rabbits, somewhat of a threshold 252 stage of OA where macroscopic changes just begin to materialize. 253
Changes in cell volume properties 254
Despite the lack of clear macroscopic histological changes in the 2 or 4-week ACLT cartilage 255 samples, we did find a number of changes in chondrocyte cellular physiology. What triggers 256 these changes prior to evident changes in matrix structure is unknown; possibilities include 257 changes in mechanical loading of cartilage and thus resident chondrocytes 25 , or very early 258 biochemical changes and induced stress, several of which have been shown to change early in 259 models of OA 26, 27 . Potentially, even the established changes in cartilage osmolality 4 could 260 lead to secondary changes in chondrocyte phenotype. Since chondrocytes produce the 261 enzymes that maintain cartilage, it seems logical that changes in chondrocyte phenotype 262 could precede evident extracellular matrix changes. The first observation we made was that 263 chondrocytes swelled more following ACLT treatment than sham controls. Since passive cell 264 swell and RVD take place in parallel, this phenomenon could be due to a decreased capacity 265 for RVD (which would otherwise oppose cell swell), a change in cytoskeletal properties, or 266 an increase in cell membrane permeability to water which could arise from the increased 267 aquaporin expression we previously reported to occur in some models of OA 28 . These 268 hypotheses are not mutually exclusive, since it is likely that changes in any of the 269 components of cell-volume regulation, such as aquaporins, ICl.vol, BK etc 8 could lead to an 270 impaired ability to undergo RVD. 271
Changes in apoptosis 272
One key consequence of altered cell-volume regulation is programmed cell death, 273 apoptosis 29, 30 . Other important elements of the apoptotic pathway are the activity of a 274 number of intracellular enzymes including the caspases 31 . We chose to investigate caspase 275 activity, with a luminescence system optimized for detection of isoforms 3/7, since it is 276 thought that all apoptosis pathways pass through these 31 . Our data showed that caspase-3/7 277 activity was increased at both 2-weeks and 4-weeks following ACLT confirming again, that 278 cellular physiological changes had taken place prior to observable macroscopic degeneration. 279
Electrophysiological changes 280
Several ion channels are involved with chondrogenesis 32 TRPV4 being raised as a potential therapeutic target in a range of musculoskeletal diseases 42 . 284
Anion channels are, however, equally important to cation channels and some of our own 285 previous work has shown that a swell activated chloride channel ICl,vol is of particular 286 importance to development of apoptosis in chondrocytes 13 .
Our previous 287
electrophysiological studies showed that ICl,vol (also referred to as the volume-sensitive 288 organic osmolyte/anion) is functionally expressed in rabbit articular chondrocytes and is 289 involved in cell volume maintenance mechanisms such as RVD 9, 10 . In addition to this 290 physiological importance in the homeostatic regulation of cell volume, activation of ICl,vol has 291 also been suggested to contribute to the cell shrinkage associated with apoptosis in several 292 cell types 12 . 293
In the present study we measured whole-cell currents in conditions optimized for detection of 294 chloride conductances (e.g., potassium free etc). We analyzed currents under both isotonic 295 conditions and following hypotonic shock. Both "resting" (iso-osmotic) and hypotonic-296 activated currents were increase significantly in cells from joints 4 weeks post ACL. Detailed 297 analysis reveals that hypotonic challenge of chondrocytes changed the maximum chloride 298 conductance, the slope and midpoint for voltage activation of this conductance. Changes to 299 all three of these parameters is fully consistent with the idea that hypotonicity activates a 300 chloride conductance that is not present under isotonic conditions in control chondrocytes 301 (i.e., ICl,vol see Figure 4) . Conversely, ACLT treatment significantly increased only the 302 maximal conductance of chondrocytes without significantly changing either slope or 303 midpoint of its activation; consistent with the hypothesis that there has been an increase in the 304 number of active ICl,vol channels, rather than a change in their electrophysiological properties 305 or expression of an entirely new/different channel. It is also consistent with a hypothesis that 306 there has been an activation of ICl,vol, even under isotonic conditions. Calculation of 307
Boltzmann parameters from hypotonic-isotonic difference currents removes any contribution 308 from constitutively active background conductances active under isotonic conditions. 309
Previously, two clearly distinguishable phenotypes of anion channels have been linked to cell 310 apoptosis and cell volume regulation; the volume-regulated anion channel (VRAC) and the 311 calcium-activated chloride conductance (CaCC) 23 between control and ACLT chondrocytes shows a large increase in maximum conductance, 331 but no change in slope (see Figure 7) . There is also, in this case, a shift of midpoint for 332 voltage activation to the right (more positive potentials). This is surprising given the lack of 333 shift in midpoint of the raw Boltzmann and supports the hypothesis that, following ACLT 334 treatment, there is a substantial proportion of ICl,vol channel active under isotonic conditions, 335
i.e., even before the application of hypotonic stretch. In all these scenarios, using an 336 electrophysiological approach, it is not possible to determine if the profound increases in 337 chloride conductance associated with ACLT result from the increased cell swell (shown in 338 28 . 344
Furthermore, LRRC8 genes also appear profoundly different in human OA. Next 345 generation sequencing shows a 2.4 fold increase in LRRC8D (adjusted p-val 1.05e-6 50 ) and 346 fascinatingly, this is matched by a differentially methylation loci within LRRC8 genes 51 . 347
Conversely, the hypo-osmotic state of more advanced degenerating cartilage itself may be 348 expected to have an opposing effect on overall chloride conductance (i.e., decreasing chloride 349 conductance), since in vitro studies, subjecting a human chondrocyte cell line to hypo-350 osmotic stress decreased expression of CLC-7/CLCN7 52 , a chloride channel especially 351 involved with acid-base regulation. 352
In the light of these data, we hypothesize that increased activation of ICl,vol may occur at an 353 early stage of OA and persist through its progression. Since volume-activated channels 354 contribute to cell shrinkage, and cell shrinkage is a key component of apoptosis, this may be 355 associated with the increase in caspase 3/7 activity. It should be noted, however, that we 356 applied a hypo-osmotic solution for only a few minutes, whilst naturally, patients would have 357 a decrease in joint fluid osmolality for many years. Future studies will be needed to 358 determine if chloride channel inhibitor drugs or biologics are able to reduce progression of 359 OA in pre-clinical models. 360
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None of the authors has any conflict of interest in the outcomes of this study. control where control rabbit chondrocytes were exposed to 10ng/ml TNFα for 24hr, Control + 569 DCPIB is a negative control (cells exposed to 20µM DCPIB). Control + TNFα + DCPIB 570 combines the TNFα and DCPIB treatments, as described for the previous columns. Asterisks 571 represent data significantly increased from control (Minitab GLM ANOVA, Dunnett's 572 multiple comparison post hoc test ** p≤0.0005). Caspase-3/7 activity was markedly elevated 573 in chondrocytes from ACLT 2w (1.24, 95% CI 1.20 -1.28, n =20, N =5, p≤0.0005), 4w (1.52, 574 95% CI 1.40 -1.64, n =20, N =5, p≤0.0005) animals and Control + TNFα (2.15, 95% CI 2.09 575 -2.21, n =20, N =5, p≤0.0005). There was no significant increase from control with either 576 DCPIB alone, or TNFα +DCPIB). Note, the increase between 2wk and 4wk was also 577 statistically significant p=0.0026. Each cell numbers 1×10 5 cells/ml. 578 
